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abstract Inthe Kv2.1 potassium channel, binding of K* to a high-affinity site associated with the selectivity fil-
ter modulates channel sensitivity to external TEA. In channels carrying Na* current, K* interacts with the TEA
modulation site at concentrations =30 M. In this paper, we further characterized the TEA modulation site and
examined how varying K+ occupancy of the pore influenced the interaction of K* with this site. In the presence of
high internal and external [K*], TEA blocked 100% of current with an ICs, of 1.9 = 0.2 mM. In the absence of a
substitute permeating ion, such as Na*, reducing access of K* to the pore resulted in a reduction of TEA efficacy,
but produced little or no change in TEA potency (under conditions in which maximal block by TEA was just 32%,
the ICy, for block was 2.0 = 0.6 mM). The all-or-none nature of TEA block (channels were either completely sen-
sitive or completely insensitive), indicated that one selectivity filter binding site must be occupied for TEA sensitiv-
ity, and that one selectivity filter binding site is not involved in modulating TEA sensitivity. At three different levels
of K* occupancy, achieved by manipulating access of internal K* to the pore, elevation of external [K*] shifted
channels from a TEA-insensitive to -sensitive state with an ECs, of ~10 mM. Combined with previous results, these
data demonstrate that the TEA modulation site has a high affinity for K when only one K* is in the pore and a
low affinity for K* when the pore is already occupied by K*. These results indicate that ion—-ion interactions occur
at the selectivity filter. These results also suggest that the selectivity filter is the site of at least one low affinity mod-

ulatory effect of external K+, and that the selectivity filter K* binding sites are not functionally interchangeable.

key words:

INTRODUCTION

Voltage-gated K* channels are multi-ion pores, and,
while conducting, can be occupied by three to four K*
(Hodgkin and Keynes, 1955; Neyton and Miller, 1988).
The recently resolved crystal structure of the K+ channel
from Streptomyces lividans (KcsA) indicated that this bacte-
rial channel contained two high affinity cation binding
sites associated with the selectivity filter and another,
lower affinity cation binding site in a water-filled cavity in-
ternal to the selectivity filter (Doyle et al., 1998; Roux and
MacKinnon, 1999). It is widely presumed that the pore
structure of KcsA represents that of the larger voltage-
gated K* channels. The KcsA structure is remarkably con-
sistent with a repulsion model of multi-ion permeation
proposed for both Kt and Ca?* channels (Neyton and
Miller, 1988; Kuo and Hess, 1993). In this model, either
of the two selectivity filter sites can bind K* with high af-
finity if just a single cation is interacting with the selectiv-
ity filter. This high affinity binding confers ionic selectivity
on Ca?" channels (Almers and McCleskey, 1984; Hess
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and Tsien, 1984) and some K* channels (Korn and Ikeda,
1995). This model proposes that binding of a second K*
to the singly occupied selectivity filter would result in a
low affinity interaction of both ions with the selectivity fil-
ter. This lowering of affinity in multiply occupied pores al-
lows for high ionic throughput. An alternative model of
multi-ion permeation, which includes just a single high
affinity site flanked by lower affinity sites, can also ac-
count for several fundamental permeation characteristics
of both Ca?" and K* channels (Dang and McCleskey,
1998; Kiss et al., 1998). Whereas this model did not ex-
clude the possibility of ion—ion interactions, it suggested
that high affinity, high throughput multi-ion permeation
could be achieved in a pore that contained only one truly
high affinity cation binding site. An array of functional
data demonstrate a low affinity interaction of external K*
with K*-conducting pores (Lopez-Barneo et al., 1993;
Levy and Deutsch, 1996; Baukrowitz and Yellen, 1996;
Kiss et al., 1998; Kiss and Korn, 1998). These data are
equally consistent with both of these permeation models
and also with the possible existence of a low affinity bind-
ing site external to the selectivity filter binding sites. Un-
derstanding the nature of this low affinity K* binding site
requires the ability to examine the interaction of K+ with
this functionally identified site under different conditions
of K* occupancy of the selectivity filter.
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In the cloned potassium channel, Kv2.1, block by tet-
raethylammonium is cation dependent (lkeda and
Korn, 1995; Immke et al., 1999). In the absence of K+
(with Na* as the current carrier), TEA does not block
Kv2.1. TEA sensitivity was reinstated at [K*] as low as
30-100 wM, and increased over the same [K*] range as
that required to block Na* current through the chan-
nel. This suggested that occupancy of a high affinity, se-
lectivity filter binding site by K+ was involved in modu-
lation of TEA sensitivity (Immke et al., 1999). This hy-
pothesis was supported by independent experiments
that suggested that the cation binding site associated
with modulation of TEA sensitivity was located between
the internal and external TEA binding sites (Immke et
al., 1999), which is the location of the selectivity filter
(Heginbotham et al., 1994; Doyle et al., 1998). TEA
sensitivity also varied as a function of [K*] in channels
conducting K* in the outward direction (Immke et al.,
1999). However, in channels carrying outward K* cur-
rent, the site responsible for modulating TEA sensitivity
appeared to have a relatively low affinity. These results
presented us with an opportunity to examine the ef-
fects of KT occupancy on cation binding to a function-
ally identified binding site (the TEA modulation site)
associated with the selectivity filter.

In Kv2.1, reduction of TEA sensitivity upon reduction
of [K*] results primarily from a conformational change
in the outer vestibule of the conduction pathway (Immke
et al., 1999). The reduced sensitivity associated with this
conformational change does not appear to reflect pri-
marily an alteration of the TEA binding site. Rather,
it appears that a lysine residue located at the outer edge
of the external vestibule (K356) moves within the per-
meation pathway and interferes with the ability of TEA
to bind to the channel. Under the conditions of previ-
ous experiments (Immke et al., 1999), a mechanistic dis-
tinction between a change in TEA potency and efficacy
could not be made in K*-conducting channels. This dis-
tinction is critical for studying the relevance of different
intrapore binding sites. Graded changes in TEA potency
could result from complicated combinations of occu-
pancy states of the channel. In contrast, a change in effi-
cacy would require that occupancy of a given site would
either confer TEA sensitivity or not.

In this paper, we demonstrate that changes in K+ oc-
cupancy of the pore modulate TEA efficacy in Kv2.1
channels carrying K* current. This observation allowed
us to address the following questions: (a) what is the
nature of the K* binding site responsible for confer-
ring TEA sensitivity? and (b) how does occupancy of
the selectivity filter by different cations influence the af-
finity of the TEA modulation site for K*? Our data indi-
cate that TEA sensitivity is modulated by occupancy
of just one of the two K* binding sites associated with
the selectivity filter. Whereas the TEA modulation site

binds K* with relatively high affinity when only one K+
occupies the selectivity filter, it binds K* with much
lower affinity when a K* ion also occupies the other se-
lectivity filter site. Consequently, our data indicate that
ion-ion interactions occur at the selectivity filter, and
that the selectivity filter is the site of at least one low af-
finity interaction of external K+ with the pore.

METHODS
Molecular Biology and Channel Expression

Experiments were done on two channels: wild-type Kv2.1 and a
mutant channel derived from Kv2.1, Kv2.1 K356G, K382V. Mu-
tagenesis and expression details are described in Immke et al.
(1999). In brief, K* channel cDNA was subcloned into the
PcDNAS3 expression vector and channels expressed in the human
embryonic kidney cell line, HEK293 (American Type Culture Col-
lection). Cells were maintained in DMEM plus 10% fetal bovine
serum (GIBCO BRL) with 1% penicillin/streptomycin (mainte-
nance media). Cells (2 — 106 cells / ml) were cotransfected by
electroporation (71 pF, 375 V, Electroporator II; Invitrogen
Corp.) with K* channel expression plasmid (0.5-15 pg/0.2 ml)
and CD8 antigen (1 ng/0.2 ml). After electroporation, cells were
plated on protamine (1 mg/ml; Sigma Chemical Co.)-coated
glass cover slips submerged in maintenance media. Electrophysio-
logical recordings were made 18-48 h later. On the day of record-
ing, cells were washed with fresh media and incubated with Dyna-
beads M450 conjugated with antibody to CD8 (1 wl/ml; Dynal).
Cells that expressed CD8 became coated with beads, which al-
lowed visualization of transfected cells (Jurman et al., 1994).

Electrophysiology

Currents were recorded at room temperature in the whole cell
patch clamp configuration. Patch pipets were fabricated from
N51A glass (Garner Glass Co.), coated with Sylgard and firepol-
ished. Currents were collected with an Axopatch 1D amplifier,
pClamp 6 software, and a Digidata 1200 A/D board (Axon Instru-
ments). Currents were filtered at 2 kHz and sampled at 200-1,000
ws/pt. Series resistance ranged from 0.5 to 2.5 M) and was com-
pensated 80-90%. The holding potential was —80 mV, and depo-
larizing stimuli were presented once every 5-15 s, depending on
the experiment. In all experiments except Fig. 4 B, currents were
recorded at 0 mV. Fig. 4 B experiments recorded currents at +20
mV. TEA inhibited currents identically at 0 and +20 mV (data not
shown). Concentration-response curves were fit to Eq. 1,

Y = 100 thmax O (X)"/[OX)N + (1C)™} @

where X is the drug concentration, 1Cs, is the drug concentra-
tion that produced half maximal inhibition, bmax is the maximal
level of block at saturation, and N is the slope of the curve. Data
were analyzed with Clampfit (Axon Instruments); curve fitting
and significance testing (unpaired Student’s t test) were done
with SigmaPlot 2.0. All plotted data are represented as mean =
SEM, with the number of data points denoted by n. For ICg, val-
ues, a range of values is given for n. This range represents the
number of cells used for each data point in the complete concen-
tration-response curve from which the I1Cg, was calculated.

Electrophysiological Solutions

Currents were recorded in a constantly flowing, gravity fed bath.
Solutions were placed in one of six reservoirs, each of which fed
via plastic tubing into a single quartz tip (~100 wm diameter;
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ALA Scientific Instruments). The tip was placed within 20 um of
the cell being recorded before the start of the experiment. One
solution was always flowing, and solutions were changed by man-
ual switching (solution exchange was complete within 5-10 s).
Control internal solutions contained (mM): 140 XCI (X = a
combination of K* and NMG™), 20 HEPES, 10 EGTA, 1 CaCl,, 4
MgCl,, pH 7.3, osmolality 285. Block by external TEA was identi-
cal when Mg?* was omitted from the internal solution (data not
shown). Control external solutions contained (mM): 165 XClI, 20
HEPES, 10 glucose, 2 CaCl,, and 1 MgCl,, pH 7.3, osmolality 325.
In all experiments, internal and external [K*] are reported; os-
motic balance was maintained with NMG*. Other additions and
substitutions are listed in the figure legends.

RESULTS
Inhibition by External TEA at Different [K7]

Fig. 1, A and B, illustrates outward currents recorded
through Kv2.1 with different internal and external
[K*] (in this and all experiments, recordings were
made in the absence of Nat). We previously demon-
strated that in Kv2.1, inactivation rate was dependent
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on K* occupancy of the pore (Immke et al., 1999); as
occupancy of the pore by K* was increased, inactivation
rate increased. In Fig. 1, A and B, comparison of con-
trol currents under these three [K*] conditions (left,
middle, and right) indicates that, based on inactivation
rate, exposing channels to these three different [K*]
resulted in different K* occupancy of the pore.

Fig. 1 A illustrates block by 3 mM TEA under these
three conditions. Fig. 1 B illustrates block of K* currents
by 100 mM TEA under the same conditions. As the [K*]
that the channels were exposed to was decreased, block
by TEA decreased. Fig. 1 C illustrates complete [TEA]-
response curves under these three conditions. With 100
mM internal and 50 mM external K+, TEA blocked K*
currents with an IC5, of 1.9 = 0.2 mM (n = 4-5; Fig. 1,
@®). Importantly, 100% of the current through Kv2.1
could be blocked by TEA, which indicates that TEA in-
teracted with 100% of the conducting channels. These
data further indicate that if TEA block requires the bind-
ing of K* to a site in the pore (see below), then the TEA

10 Kip, / 0 Kot
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400
pA

Figure 1. Dependence of external TEA sensitiv-
ity on [K*]. A and B each illustrate three currents,
obtained before application of TEA (Cont.), dur-
ing application of external TEA, and after removal
of TEA. Currents were evoked by 100-ms depolar-
ization to 0 mV for each of the three different
[K*] conditions described in A (top). A illustrates
block by 3 mM TEA under each of the three con-
ditions, B illustrates block by 100 mM TEA. (C)
Concentration-response curves for block of K*
current by external TEA under the three [K*]
conditions. Each data point represents the mean +
SEM of data obtained from between 3 and 16
cells. Solid lines illustrate the best fit of the data by
Eq. 1. The calculated ICg,, bmax, and slope values
from these fits were 1.9 = 0.2 mM, 100 * 1%, and
0.82 (@), 3.1 = 0.1 mM, 92 = 3%, and 0.75 (O),
and 4.1 = 0.9 mM, 56 = 3%, and 0.75 (H).



modulation site is saturated with these internal and ex-
ternal [K*]. Under conditions of lower K* occupancy,
TEA potency was essentially unchanged, but not all chan-
nels could be blocked by external TEA. In recordings
with 100 mM internal but 0 external K*, TEA blocked K*
currents with an 1C5, of 3.1 = 0.4 mM (n = 3-16; Fig. 1,
O). However, 100 mM TEA blocked just 83.9 = 0.8%
(n = 12) of the current and, according to the best fit of
the experimental data, maximal possible block of total
current by TEA would be just 91.6 = 1.1%. When cur-
rents were carried by just 10 mM internal K+ (in the pres-
ence of 0 mM external K+), the change in TEA efficacy
was clear. Under these conditions, there was little or no
change in TEA potency (ICs; = 4.1 = 0.9 mM, n = 3-14),
but the maximum block was markedly reduced (Fig. 1,
W). At a concentration of 100 mM, TEA blocked just
51.1 + 1.1% (n = 14) of the current, and the best fit of
the data indicated that just 56.2 = 3.0% of the total cur-
rent could be blocked. In all cases, full recovery was
achieved upon removal of TEA (Fig. 1, A and B).

The reduction in TEA efficacy suggests that current-
carrying channels could be in one of two states. Some
channels could be blocked by TEA with an I1C5, of 2-4
mM; other channels were completely insensitive to
TEA at concentrations of up to 100 mM. Furthermore,
these data suggest that interconversion between these
two states depended on the occupancy of the pore by
K+, such that at higher K+ occupancy, channels were in
the TEA-sensitive state and at lower K* occupancy,
channels were insensitive to TEA.

Change in External TEA Efficacy with an Internal
Channel Blocker

In the experiments in Fig. 1, we altered K* occupancy
of the pore by reducing the [K*] to which the channels

were exposed. An alternative approach to influencing
K* occupancy of the channel is to block the pore from
the intracellular side of the channel (Baukrowitz and
Yellen, 1996; Khodakhah et al., 1997; Immke et al.,
1999). When current is carried in the outward direc-
tion, intracellular open channel pore blockers inter-
fere with the ability K* to enter the pore, but K+ is still
able to leave the pore and go into the external solution.

Fig. 2 A illustrates the effect of two external [TEA] on
currents recorded with 100 mM intracellular K* plus 20
mM intracellular TEA (0 external K*). Intracellular
TEA at this concentration blocks inward current
through Kv2.1 by 85-90% in the presence of 30 mM ex-
ternal K* (Immke et al., 1999). Fig. 2 B illustrates com-
plete concentration-response curves for external TEA
in the presence (O) and absence (@) of internal TEA.
Internal TEA had no effect on the ICy, for external
TEA (IC55 = 2.0 £ 0.6; n = 3-6). However, in the pres-
ence of internal TEA, 100 mM external TEA blocked
just 31.8 = 0.7% (n = 6) of the current. According to
the best fit of the data, the maximum possible block by
external TEA was 32.4 + 0.5%.

[K*] Dependence of External TEA Sensitivity in the Presence
of Internal TEA

In studies with Kvl.x channels, it had been suggested
that internal TEA reduced external TEA potency by a di-
rect interaction between the internal and external TEA
(Newland et al., 1992). Previous studies suggested that,
in Kv2.1, this is not the case. The reduction in external
TEA sensitivity in the presence of internal TEA could be
fully explained as resulting from the reduction in K* oc-
cupancy of the pore (Immke et al., 1999). The observa-
tion that internal TEA did not change external TEA po-
tency (Fig. 2 B) further supports this conclusion.

Figure 2. K% current block by
external TEA in the presence of

20 mM internal TEA. Currents
were recorded in the presence of
100 mM internal K* and 0 exter-
nal K*. (A) Three current traces
are shown in each panel, illus-
trating control, block by the indi-
cated concentration of external
TEA, and recovery. Currents
were evoked by 100-ms depolar-
ization to 0 mV. (B) Concentra-
tion-response curve for block by
external TEA in the absence (@)
and presence (O) of internal
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calculated 1Cy,, bmax, and slope values for the curve in the presence of internal TEA (O) were 2.0 * 0.6, 32 = 0.5, and 0.75. (The data for

@ are identical to those in Fig. 1).
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In Fig. 3, we examined the [K*] dependence of ex-
ternal TEA sensitivity on outward K* currents, in the
presence of 100 mM internal K* plus 20 mM internal
TEA. In all experiments, external TEA was applied to
cells exposed to at least three different external [K*].
In different cells, the order of [K*] exposure was varied
to control for the possibility of long term consequences
of exposure (or lack thereof) to external K*. Fig. 3 A'il-
lustrates the results of one experiment. For this cell, ex-
ternal TEA was applied under three conditions in the
following order: in the presence of 3, 5, and 1 mM ex-

500

3K 5K 1K

out out

out

400

300

200

Current (pA)

ternal [K*]. Once current magnitude stabilized at a
given [K*], TEA was applied briefly (@), and then re-
moved. After recovery to control current amplitude, ex-
ternal [K*] was changed and external TEA reapplied.
TEA block increased as a function of [K*]. In the pres-
ence of 1, 3, and 5 mM external K*, TEA blocked cur-
rents by 26.9 * 1.0%, 35.0 = 1.6%, and 38.2 = 1.1%
(n = 3), respectively.

In the absence of external TEA (O), current magni-
tude changed with changes in external [K*]. In Kv2.1,
as in other voltage-gated K* channels, the magnitude

Figure 3. External [K*] de-
pendence of external TEA block
in the presence of internal TEA.
Outward currents were recorded
as in Fig. 2, with 100 mM internal
K* plus 20 mM internal TEA.
Block by 10 mM external TEA
was examined in the presence of
different external [K*]. (A) Data
obtained from a single cell,
where block by 10 mM TEA was
examined sequentially in the
presence of 3, 5, and 1 mM exter-
nal K+*. Currents were evoked ev-
ery 10 s; @ denote current mag-
nitude in the presence of TEA.

100 o
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External [K*] was changed (ver-
tical dotted line) after washout
of external TEA and return to

steady state current magnitude.
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| (B) Block by 10 mM external
TEA as a function of external
[K*]. The shaded area at the bot-
tom of the graph represents the
minimum block by 10 mM TEA
in the presence of 100 mM inter-
nal K* plus 20 mM internal TEA,
which occurs in the absence of
external K* (Fig. 2). This per-
cent block represents the frac-

= Maximum

Block tion of TEA modulation sites al-
ready occupied in the absence of
external K*. The shaded area at

Cur!'ent the top represents the maximum
available possible block by 10 mM TEA,

obtained when the channel is sat-
urated by K* (Fig. 1, 100 K*;,, 50
K*ou)- When all TEA modula-
tion sites are occupied, 83% of
current will be blocked by 10
mM TEA. The remaining, un-
shaded area of the graph (be-
tween 25 and 83% block) repre-
sents the percentage of current
that is available to be blocked by
10 mM TEA when current is car-
ried by 100 mM K*;, in the pres-
ence of 20 mM internal TEA.

to be blocked
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Block

1000

This represents current through channels with an unoccupied TEA modulation site. The best fit of the data points (three to seven cells for
each point) indicates that, under these conditions, the apparent affinity of external K+ for the site responsible for increasing external TEA

block from minimum to maximum is 10.8 = 1.1 mM (slope = 1.0).
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of outward K+ currents increases as external [K*] is ele-
vated from 0 to 10 mM (Lopez-Barneo et al., 1993;
Wood and Korn, 2000). Current magnitudes in the
presence of 3 and 5 mM K* were, respectively, 32.4 =
4.7% and 40.5 = 4.2% (n = 3; P < 0.01 for all compari-
sons) greater than current magnitude at 1 mM K*. This
observation provides independent evidence that with
these changes in external [K*], K* occupancy of the
pore increased.

In the presence of 100 mM internal K* plus 20 mM
internal TEA, changes in external [K*] were expected
to modulate block by 10 mM TEA between 25 and 83%
for the following reasons. In the absence of external
K*, 10 mM TEA blocked channels by 24.7 = 0.9% (n =
3; Fig. 2). Under conditions that saturated the TEA
modulation site with [K*] (100 mM internal K+, 50
mM external K*, no internal TEA), 10 mM external
TEA blocked 82.7 = 1.5% (n = 4) of the total current
(Fig. 1). Consequently, in this experiment, the maxi-
mum block possible upon elevation of external [K*]
was expected to be 83%, which would occur if the pore
became fully saturated by K*. Fig. 3 B illustrates that el-
evation of external [K*] between 0 and 50 mM pro-
duced a concentration-dependent increase in block,
with an ECg, 0of 10.8 = 1.1 mM (n = 3-7).

[K*] Dependence of External TEA Sensitivity in the Absence
of Internal TEA

Our working hypothesis was that the [K*] dependence
observed in Fig. 3 B simply reflected the association of
external K* with a binding site in a K*-conducting
pore. This interpretation depends on the assumption
that internal TEA did not influence the binding of ex-
ternal K* to this site, and that the [K*] dependence
was not influenced by a direct interaction between ex-
ternal K* and internal TEA. It was critical, therefore, to
demonstrate that the concentration dependence ob-
served was not related to the presence of internal TEA.
To do this, we examined the [K*] dependence of exter-
nal TEA block under conditions that did not include
internal TEA.

With 100 mM K* in the pipet and 0 external K+, TEA
efficacy was submaximal (Fig. 1). In the absence of ex-
ternal K*, 10 mM TEA blocked current carried by 100
mM K* by 65.6 £ 1.2% (n = 16). As previously de-
scribed, 10 mM TEA blocked current in K*-saturated
channels by 83% (Fig. 1). Fig. 4 A illustrates the [K*]-
dependent enhancement of block by 10 mM TEA from
66 to 83%. Even over this limited range of enhance-
ment, the [K*] dependence is reasonably well fit by a
sigmoidal function, with an ECg, that fell between 8
and 10 mM.

Fig. 4 B illustrates the [K*]-dependent increase of
TEA block when currents were carried by 10 mM inter-
nal K*. As described previously, the maximum possible
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Figure 4. External [K*] dependence of external TEA block in
the absence of internal TEA. (A) External TEA (10 mM) was ap-
plied to outward currents carried by 100 mM internal K*. As in Fig.
3 B, the shaded areas represent the minimum block (with 0 exter-
nal K*) and the maximum possible block (under conditions of sat-
urating [K*]) by 10 mM TEA under these conditions. The appar-
ent affinity of [K*] for the site responsible for increasing external
TEA block from minimum to maximum was between 8 and 10 mM
(data points represent mean * SEM for 3-16 cells). (B) External
TEA (10 mM) was applied to outward currents carried by 10 mM
internal K*. Currents were evoked by depolarization to +20 mV; at
0 and 5 mM external K*, TEA blocked currents identically at 0 and
+20 mV (not shown). As in A and Fig. 3 B, the shaded areas repre-
sent the minimum and maximum block by 10 mM TEA under
these conditions. *Statistical significance (P < 0.05 or better) for
comparison between any two means (3-10 cells for each [K*]).

block by 10 mM TEA in a K*-saturated channel was
83%. In the absence of external K*, 10 mM TEA
blocked 37.0 = 1.8% (n = 10) of the total current car-
ried by 10 mM internal K* (Fig. 1). Current magnitude
was significantly enhanced in a concentration-depen-
dent manner by addition of both 5 and 10 mM external
K*. Indeed, in the presence of 10 mM external K+, TEA
blocked total current by 59.9 * 1.0% (n = 3), which is
the halfway point between 37 and 83%. Thus, under
three different experimental conditions (10 K;,, 100
Kin,» and 100 K;, plus 20 TEA,,), which produced differ-
ent K* occupancies of the pore and different efficacies
of external TEA, enhancement of TEA block by exter-
nal K* from the minimum (measured in the absence of
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external K*) to the maximum possible (measured in a
K*-saturated pore) occurred with an ECs, of ~10 mM.
In other words, in all conducting channels with an un-
occupied TEA modulation site in the pore, this site was
bound by K* with an apparent K4 of ~10 mM.

Lysines in the External Vestibule Associated with Loss of
TEA Sensitivity

Previous work demonstrated that in Kv2.1, the loss of
TEA sensitivity in the presence of Nat (and absence of
K*) was associated with a conformational rearrange-
ment in the outer vestibule of the channel (Immke et
al., 1999). In particular, two lysines in the outer vesti-
bule appeared to influence TEA sensitivity. A lysine at
position 382 did not prevent TEA block of Na* cur-
rents, but did reduce TEA potency. More dramatically,
in the absence of K*, a lysine at position 356 appeared
to change its position in the permeation pathway and
thus reduce TEA potency by >300-fold when K* was re-
placed with Na*. Upon mutation of these lysines to
smaller uncharged amino acids (Kv2.1 K356G, K382V),
the conformational change and potency shift associ-
ated with removal of K* still occurred, but TEA was
able to block currents in the absence of K* with an 1Cg,
of 11 mM (Immke et al., 1999). To test whether the
conformational rearrangement of these lysines was also
associated with the loss of TEA efficacy when [K*] was
reduced in the absence of Na*, we examined TEA sen-
sitivity in the Kv2.1 K356G, K382V channel (Fig. 5).

Fig. 5 A illustrates the block by 0.3 mM TEA on cur-
rents carried through the mutant channel by 100 (top)
and 10 (bottom) mM K*. With 100 mM internal K*
(and 0 external K*), TEA blocked currents through
the channel with an 1Cg, of 0.21 = 0.02 mM (n = 3-12;
Fig. 5 B, @). With 10 mM internal K*, TEA blocked
currents with an 1Cg, of 0.67 = 0.07 mM (n = 3-8; Fig.
5 B, O). This shift in ICg, is consistent with the previ-
ously described K*-dependent change in TEA potency
in this mutant channel (Immke et al., 1999), and indi-
cates that the outer vestibule underwent a conforma-
tional change upon reduction of K* from 100 to 10
mM. However, in the absence of the two outer vestibule
lysines, TEA was able to block 100% of the current
through the channel even at low [K*]. This suggests
that entry of channels into the TEA-insensitive state at
low [K*] was associated with the presence of these
lysines in the outer vestibule.

DISCUSSION

The interaction of K+ with the selectivity filter in Kv2.1
modulates a conformational change in the outer vesti-
bule of the pore (Immke et al., 1999). The primary find-
ings in this paper are that: (a) this K™-dependent confor-
mational change can completely prevent external TEA
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from blocking the channel, (b) TEA efficacy is regulated
by just one of the two selectivity filter cation binding
sites, (¢) the apparent affinity of K* for the selectivity fil-
ter site that modulates TEA sensitivity differs depending
on whether the other selectivity filter site is occupied by
K*, and (d) the apparent affinity of the outermost selec-
tivity filter site, when the innermost site is occupied by
K*, is ~10 mM. The data also indicate that at physiologi-
cal internal and external [K*], the selectivity filter cat-
ion binding sites in Kv2.1 are not fully saturated.

One Cation Binding Site Is Responsible for Modulation of
TEA Efficacy

The crystal structure of KcsA suggests that the K+ chan-
nel pore contains three cation binding sites, two associ-
ated with the selectivity filter and one in a water-filled
compartment internal to the selectivity filter (Doyle et
al., 1998). Previously, independent experiments indi-
cated that the cation binding site involved in modula-
tion of TEA sensitivity was a high affinity site associated
with ionic selectivity and that the TEA modulation site
was located between the internal and external TEA
binding sites (Immke et al., 1999). The observation
that TEA sensitivity was all or none in Kv2.1 channels
carrying K+ current allowed us to further identify and
characterize the cation binding site involved in modu-
lation of TEA sensitivity.

Fig. 6 illustrates a cartoon of the K* channel pore
that contains two cation binding sites associated with
the selectivity filter, located between the internal and
external TEA binding sites. In Fig. 6 (1), the two selec-
tivity filter binding sites are unoccupied. These chan-
nels are not carrying current and are invisible to the ex-
periment. (3) represents a channel with a fully satu-
rated selectivity filter. These latter channels can all be
blocked by TEA, as demonstrated by the observation
that TEA blocks 100% of channels at very high internal
and external [K*] (Fig. 1). (2a) and (2b)illustrate pos-
sible channel configurations, each with just one selec-
tivity filter binding site occupied. Channels would exist
in one or both of these configurations at [K*] that do
not saturate the channel. There are two possible expla-
nations for the observation that, at lower [K*], some
channels cannot be blocked by TEA. First, it is possible
that only fully saturated channels (3) can be blocked by
TEA, and that the channel configurations represented
in (2a) and (2b) are TEA-insensitive. Alternatively, it is
possible that only one selectivity filter binding site must
be occupied by K+ for block by TEA. Previous data indi-
cate that, indeed, channels can be blocked by TEA
when only a single selectivity filter site is occupied by
K*. In Nat*-conducting K* channels, only 30 uM K+ is
required for measurable inhibition of current by TEA
(Immke et al., 1999). This is also the minimum [K*]
that can be observed to interact with the selectivity fil-
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Figure 5. Influence of [K*] on
TEA sensitivity in the mutant
channel, Kv2.1 K356G, K382V.
(A) Block by 0.3 mM external
TEA of currents carried by 100
(top) and 10 (bottom) mM inter-
nal K*. Traces labeled “Cont.”
were obtained before and after
TEA application. (B) [TEA]-
response curves for block at
each internal [K*]. Data points
represent mean = SEM for 3-10
cells. 1Cg, and slope values, deter-
mined from the best fit of the
data (solid lines) were, respec-
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ter, as judged by block of Na*t current. Elevation of ex-
ternal [K*] from 30 to 100 uM increased Na* current
block and TEA sensitivity. In the absence of Na™, [K*]
up to 100 wM do not generate measurable currents.
These data suggest that, at [K™] = 100 wM, K* occu-
pies the selectivity filter, but an insignificant number of
channels will have selectivity filters that are doubly oc-
cupied by K*. Thus, TEA block requires K* occupancy
of just a single selectivity filter binding site.

Because occupancy of the TEA modulation site by K*
influences TEA efficacy (as opposed to potency), there
must also be a current-carrying channel that cannot
be blocked by TEA. Since all channels in Fig. 6 (3) can
be blocked, and one of the channels in (2) can be
blocked, the only other current carrying channel con-
figuration available as a candidate for a TEA-insensitive
channel is the other channel depicted in (2). Thus,
only one of the two selectivity filter binding sites serves
as the TEA modulation site.
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tively, 0.21 = 0.02 mM and 0.73
for 100 K;,, and 0.67 = 0.07 mM
and 0.74 for 10 K;,. bmax was
100% for each curve.
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The Affinity of the Second Selectivity Filter Cation Binding
Site, When One Is Occupied, Is ~10 mM: Implications for
Permeation Theory

Both functional and structural studies have provided
convincing evidence that there are several discrete cat-
ion binding sites in the K* channel conduction path-
way (Neyton and Miller, 1988; Hurst et al., 1995; Doyle
et al., 1998). The selectivity filter itself can apparently
be occupied by up to two K+ ions (Doyle et al., 1998).
The results of this paper, combined with previous ex-
periments (Immke et al., 1999), indicate that a single,
functionally defined site associated with the selectivity
filter can bind K* with two markedly different affinities,
depending on whether the pore is already occupied by
K*. In Nat*-filled pores, K* interacted with the TEA
modulation site at concentrations =30 uM (Immke et
al., 1999). In contrast, the interaction of K* with the
TEA modulation site in K™-occupied pores occurred

Figure 6. Cartoon depicting
potential occupancy states of the
selectivity filter. (@) Selectivity
filter cation binding sites occu-
pied by K*, (O) unoccupied se-
lectivity filter sites. Pairs of lines
protruding into the pore, located
external and internal to the cat-
ion binding sites, represent the
external and internal TEA bind-
ing sites. (1) represents a chan-
nel with an unoccupied selectiv-
ity filter, (2a) and (2b) represent
channels with just the inner or
outer, respectively, selectivity fil-
ter sites occupied, and (3) repre-
3) sents a channel with a fully occu-
pied selectivity filter.

Saturating [K']
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with low affinity. With up to 100 mM internal K* carry-
ing outward current, the TEA modulation site re-
mained unsaturated. Under three different experimen-
tal conditions (10 and 100 mM internal K*, and 100
mM internal K* plus internal TEA), which produced
different K* occupancy of the pore in the absence of
external K*, external K* increased occupancy of the
TEA modulation site with an apparent affinity of ~10
mM. Consequently, these results strongly support a
model of permeation that includes interactions be-
tween ions in multiply occupied pores. Our data do not
address whether the occupancy-dependent change in
affinity of K* for the TEA modulation site results from
electrostatic repulsion or from a nonelectrostatic mech-
anism (see Spassova and Lu, 1999).

Is There a Low Affinity Cation Binding Site External to the
Selectivity Filter Binding Sites in Voltage-gated K* Channels?

Our results indicate that in Kt conducting channels,
the low affinity modulation of TEA sensitivity by K* oc-
curs at a selectivity-filter binding site. The apparent af-
finity of ~10 mM for the interaction of K* with the
Kv2.1 pore already occupied by one K* ion is similar to
the apparent affinity of other low affinity interactions
in K*-conducting channels. For example, external K+
slows inactivation rate in Shaker with an apparent K, of
2 mM (Baukrowitz and Yellen, 1996), external K* po-
tentiates outward K* currents in Shaker T449 mutants
with apparent K s between 0.8 and 8 mM (Lopez-Bar-
neo et al., 1993), and the rate of recovery from inactiva-
tion of K* currents in Kv1.3 is modulated by external
K* at millimolar concentrations (Levy and Deutsch,
1996). Whereas our data do not unequivocally rule out
the existence of a low- affinity K* binding site external
to the selectivity filter, our results do indicate that the
low affinity interaction that modulates TEA sensitivity
occurs at a selectivity filter binding site. Interestingly,
the cation binding site responsible for pseudo-irrevers-
ible “death” of some channels upon removal of exter-
nal K*, which is occupied with an apparent K, of 2.2
mM in K*-conducting Shaker-like channels (Pardo et
al., 1992), may also be associated with a high-affinity K*
binding site (Vergara et al., 1999).

Additional Implications of Changes in TEA Efficacy
Versus Potency

In Kv2.1, reduction of K* occupancy of the pore in the
absence of a substitute permeating ion produced little
or no change in TEA potency, but had a dramatic im-
pact on TEA efficacy (Figs. 1 and 2). The reduced effi-
cacy indicates that occupancy of a site in the pore by a
cation (K* in this case) is an absolute requirement for
TEA block of the wild-type Kv2.1 channel. When Na*
was substituted for K+, TEA was completely without ef-
fect (Ikeda and Korn, 1995). However, when either
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lys356 or lys382 was mutated to a smaller uncharged
residue, TEA could block Na* currents through the
channel (Immke et al., 1999). In both mutants, TEA
block was characterized by a large decrease in potency
when K* was replaced by Nat (Immke et al., 1999).
Both the potency shift observed upon substitution of
Na* for K*, and the efficacy change observed upon re-
duction of K* in the absence of substitute permeating
ion, were associated with a conformational change in
the outer vestibule of the channel (Fig. 5; Immke et al.,
1999). These data are consistent with two possibilities
that are not mutually exclusive. One possibility is that
permeating Na* interacts with the TEA modulation site
in the pore normally occupied by K*, and that occu-
pancy of this site by different cations influences exter-
nal TEA potency. Alternatively, the nature of specific
residues in the outer vestibule may determine whether
lowering K* occupancy alters external TEA potency.
The mechanistic explanation for the potency shift
upon switching from K* to Nat must await a better un-
derstanding of the cation-dependent conformational
change in the outer vestibule.

Finally, our interpretation that the change in TEA effi-
cacy reflects all-or-none channel block depends on the
assumption that TEA-bound channels do not conduct
under low [K*] conditions. There is no direct evidence
that addresses this assumption. However, this assump-
tion is strongly supported by the observations that TEA
binds to all four channel subunits (Heginbotham and
MacKinnon, 1992; Kavanaugh et al., 1992) just external
to the narrowest region of the channel. One might ar-
gue that under low [K*] conditions, the channel confor-
mation changes such that TEA binds to fewer than four
subunits and that, under these conditions, TEA-bound
channels can carry current at a lower conductance.
However, this possibility is inconsistent with the observa-
tion that TEA potency is unchanged at lower [K*].
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